ATPases have been associated with many functional aspects of cell membranes such as ion transport (37) , the movement of water (2) , and pinocytosis (19) . In plants, ATPases have been identified biochemically in mitochondria and chloroplasts, where their activities presumably represent partial reactions of oxidative and photosynthetic phosphorylation. Several workers have demonstrated the presence of monovalent cation-stimulated ATPases in Arachis cotyledons (3, 4) and bean roots (11, 26) ; such enzymes may be involved in the active transport of ions in these organs.
Light microscopic histochemical studies have indicated ATPase activity in the nuclei of meristematic cells in pine seedling root tips (21) and onion root tips (36) . At the electron microscope level, Hall (12) has reported the presence of ATPase activity in regions of the plasmodesmata of maize root cells. However, the large majority of publications dealing with the histochemical localization of ATPases has been concerned with animal tissues. Recent work (18, 23, 24, 35, 39) has emphasized the problems inherent in the lead precipitation methods employed in such 'This investigation was supported by a National Science Foundation grant to A. W. Galston. 2 Present address: Botany Department, University of Aberdeen, Aberdeen, Scotland. 3 Present address: Department of Anatomy, Yale University School of Medicine, New Haven, Connecticut 06510. 25 studies and has served to question the validity of some earlier reports. The present investigation was undertaken to study the application of these techniques to the localization of ATPases and the resolution of some of these intrinsic problems in plant tissue.
The unbranched tendril of the pea plant was selected as the subject of our cytochemical investigation, since earlier work by Jaffe and Galston (14) 
RESULTS
Preliminary experiments with aldehyde fixatives revealed that glutaraldehyde was far more effective than hydroxyadipaldehyde in preserving enzyme activity. Except where specified, therefore, the former aldehyde was used in all the experiments described below.
When ATP substrate was provided in the WM medium, in the presence of magnesium ions, the most striking and consistent deposits of reaction product occurred between the two membranes comprising the chloroplast envelope (Figs. 1, 3 , and 4). Generally, the reaction was continuous around the surface of the plastid, and there were no indications of localized reactive sites within the envelope. The stromal matrix was entirely free of any deposit.
If ATP substrate was lacking in the incubation medium, only extremely infrequent and spotty deposits were visible on the outer surface of the chloroplast and mitochondrial envelopes. This minimal background level remained unchanged throughout our control experiments (e.g., Fig. 9 ) and is probably due to the sporadic nonspecific accumulation of lead on membrane surfaces. Shortening the incubation period to 1 hr in an attempt to refine the localization of reaction product between the membranes of the chloroplast envelope depressed the level of enzyme activity to barely above the control level.
When incubation in the WM medium was conducted following a 60-min postfixation in osmic acid, both in the presence and in the absence of ATP, the results were completely negative (background level). Increasing the duration of glutaraldehyde fixation to 2 hr considerably depressed enzyme activity but did not entirely eliminate it. Occasional patches of reaction product were visible within the chloroplast envelope. However, 45 min of fixation with hydroxyadipaldehyde completely suppressed the deposition of reaction product on the envelope (Fig. 2 ).
The control experiments described above strongly suggest that the reaction observed between the membranes of the chloroplast envelope is unlikely to be an artifact arising from the hydrolysis of ATP by lead, or the nonenzymatic accumulation of lead or lead nucleotide complexes at this site. In fact, the differential sensitivity of the reaction to the two aldehyde fixatives provides us with a particularly important control.
When the pea plants were grown in total darkness for 24 hr before incubation, and the experimental manipulations including excision of the tendril samples, fixation, and incubation of the tissue in the WM medium (±i ATP) were performed in the dark or dim green light, the chloroplast envelope was virtually free of any lead deposit. The observations suggest that extended dark treatments may result in a loss of enzyme activity, indicating that the enzyme is, in effect, light-activated.
In further experiments to characterize the enzyme, tissue segments were pretreated for 30 were observed within the chloroplast envelope (Fig. 9 ). 
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All the above experiments were conducted at pH 7.2. When the pH of the incubation medium was varied to 5.5 or 9.4, the extent of reaction product visible on the chloroplast envelope was not significantly higher than minus ATP or sodium 3-glycerophosphate controls, respectively. The ATPase, therefore, does not appear to function at distinctly acid or alkaline pH.
Finally, we have found no discernible differences between uncoiled tendrils and tendrils that were stimulated to coil by stroking their ventral surfaces. Throughout this work we have recorded other sites where deposits of lead were visible in both the presence and absence of ATP and in various other control experiments. For example, dense aggregates were seen infrequently and inconsistently on the outer surface of the plasma membrane or the vacuolar surface of the tonoplast (Fig. 5) . These deposits were generally heavy and tended to be associated with plasmolysis and obvious cytoplasmic disorganization. Heavy electron-dense deposits were quite commonly seen in regions where plasmodesmata pass through the cell wall (Fig. 6) . However, similar deposits were also observed over the plasmodesmata of tissue fixed with hydroxyadipaldehyde, when p-nitrophenyl phosphate was the substrate provided, in the absence of ATP cells of plants grown in the dark for 24 hr, and at pH 9.4. Electron-dense particles scattered over and between the thylakoid membranes ( Fig. 3) and within the mitochondrial cristae (Fig. 8) were equally inconsistent, appearing unpredictably in some cells and under various control conditions. Accumulations of nonspecific lead products were frequently visible between the membranes of the nuclear envelope and within cisternae of the endoplasmic reticulum (Figs. 6, 7, and 8) , or over chromatin material in the nucleus. We must conclude that no data that we have obtained so far warrant crediting these deposits with any significance with regard to nucleoside triphosphatase activity. Under our preparative conditions, the chloroplast envelope appears to be the only site where reaction product is consistently demonstrable following experiments designed to localize ATPases.
DISCUSSION
At present cytochemical techniques represent the only method to determine sites of enzymatic activity on or in membranes under conditions in situ. Nevertheless, the lead precipitation procedures used for ATPase localization have been subject to considerable criticism. Some of the possible problems inherent in this technique are the nonenzymatic hydrolysis of ATP by lead (24, 34) ; the inhibitory effects of lead on enzyme activity (29); and simple adsorption of lead, lead phosphate, or lead nucleotide complexes to reactive sites within the tissue (18, 23, 39) . Furthermore, it has been shown that transport ATPases (sodium-and/or potassium-stimulated) may be completely inhibited by even brief fixation at low temperatures with formaldehyde, glutaraldehyde, hydroxyadipaldehyde, glyoxal, and osmium tetroxide (20, 23, 24) . Spurious depositions of lead or reaction products due to surface adsorption may occur. In this regard, deposits on the outer surfaces of membranes should be particularly suspect (18) . Systematic controls, therefore, are essential before any conclusions may be drawn regarding the nature or site of enzyme activity.
In the present work, negative results obtained in the absence of ATP substrate indicate that the nonspecific adsorption of lead or lead phosphate (formed through endogenous sources of phosphate) does not contribute to the reaction within the chloroplast envelope. Similarly, the negative results obtained after (a) hydroxyadipaldehyde fixation and incubation with ATP, (b) glutaraldehyde fixation and incubation with ATP after 24 hr of dark treatment of the tissue, (c) incubation with other phosphate and nucleotide phosphate substrates, and (d) treatment with metabolic inhibitors all suggest that the hydrolysis of ATP by lead and the binding of nonspecific lead phosphate or lead nucleotide complexes are not responsible for the deposits. The absence of reaction after incubation following osmic acid fixation may not be conclusive by itself, but it reinforces the other controls described. It is conceivable that the deposits on the chloroplast envelope may result from the diffusion to this site of reaction product formed elsewhere within the cell. However, the observation that the deposits occur between the two membranes of the plastid envelope and not on the outer surface of the organelle renders this possibility somewhat unlikely, consequently permitting the inference that the deposits closely reflect the location of the enzyme itself. The absence of similarly consistent deposits within the mitochondrial envelope would tend to support this interpretation.
McClurkin and McClurkin (21) claim to have demonstrated a sodium-stimulated ATPase in the nuclei of meristematic pine root cells under the light microscope. Their material was fixed for 24 hr in formaldehyde and incubated in a medium containing the relatively high concentration of 3 mm lead. Under these conditions, one might expect virtually complete inhibition of a sodiumstimulated ATPase. We too have obtained reaction product in the nuclei of some cells, but under a variety of experimental conditions, in both the presence and absence of ATP. On the basis of present evidence, we are convinced that this deposition is nonspecific. A number of previous reports (1, 8, 23) have described similar nonspecific deposits of lead within the nuclei and nucleoli of various tissues, often in association with chromatin. Moses et al. (23, 24) suggest that the nuclear localizations may result from diffusion of reaction products and the selective affinity of reactive groups within the nuclei for lead products in the reaction mixture.
Various reports also disagree as to the location and nature of mitochondrial ATPases. Most workers, using either isolated mitochondrial fractions (10, 18) or mitochondria in situ (1, 7, 17, 33) , have localized reaction product within the mitochondrial matrix, on the matrix surface of the cristae, or enclosed within the cristae. In contrast, Gordon and Barrnett (9) found phosphatase activity restricted to the outer surfaces of the mitochondria in rat and guinea pig sperm flagella. As shown in Table  I , we have obtained deposits within the mitochondrial cristae under conditions which would strongly negate the possibility that ATPases are involved.
More recently, Hall (12) has reported ATPase activity associated with plasmodesmata and the cell membrane of Zea mays root cells. As substrate specificity was not checked, one may question this assertion. Furthermore, in the present investigation, we have abundant evidence to indicate that regions where plasmodesmata pass through the cell wall are major loci for the nonspecific accumulation of lead products.
In view of the many problems involved in the ultrastructural localization of phosphatase activity in plant tissue, we considered it essential to examine large numbers of sections and micrographs in order to evaluate our results. We have provided evidence for the existence between the membranes of the chloroplast envelope of an ATPase with the following general properties. The enzyme requires the presence of Mg2+ ions for activation; Ca2+ cannot replace Mg2+ in this system, and may even be inhibitory. While the enzyme is stable after fixation with glutaraldehyde, it is extremely sensitive to hydroxyadipaldehyde and osmium tetroxide. When the pea plants are subjected to 24 h r of darkness, the enzyme is either inactivated or degraded. The enzyme appears to be sulfhydryl-dependent, since CMB and N-ethylmaleimide completely inhibit its activity. The phosphatase may also be specific for ATP; no reaction was observed with ADP, UTP, ITP, p-nitrophenyl phosphate, and sodium f-glycerophosphate. (6) and flagella (9) . However, the chloroplast envelope delimits the source of enormous quantities of ATP, possibly excluding a requirement for an adenylate kinase on the envelope. On the other hand, the ATPase activity clearly disappears when the pea plants are subjected to dark periods, suggesting a possible mechanochemical coupling between the activity of this enzyme, chloroplast contraction, and photophosphorylation. Obviously, the functional significance of ATPase activity at the surface of the chloroplast is an important problem that remains to be elucidated.
